Abstract. This study aimed to design methyprednisolone (MP)-loaded poly(D,L lactide-co-glycolide) (PLGA) microspheres (MS) intended for intra-articular administration. MP was encapsulated in four different types of PLGA by using an S/O/W technique. The effects of β-irradiation at the dose of 25 kGy were evaluated on the chemical and physicochemical properties of MS and the drug release profiles. The S/O/W technique with hydroxypropylmethylcellulose (HPMC) as surfactant allowed obtaining MS in the tolerability size (7-50 µm) for intra-articular administration. The MP encapsulation efficiency ranged 56-60%. HPMC traces were evidenced in the loaded and placebo MS by attenuated total reflectance Fourier transform infrared spectroscopy. MS made of the capped PLGA DL5050 2M (MS 2M) and uncapped PLGA DL5050 3A (MS 3A) prolonged the release of MP over a 2-to 3-month period with a triphasic (burst release-dormant period-second release pulse) and biphasic release pattern, respectively. The β-irradiation did not significantly alter the morphology, chemical, and physicochemical properties of MS. The only variation was evidenced in the drug release for MS 2M in term of shorting of the dormant period. The minimal variations in the properties of irradiated PLGA MS, which are in disagreement with literature data, may be attributed to a radioprotecting effect exerted by HPMC.
INTRODUCTION
Corticosteroids locally administered by intra-articular injections have represented a major breakthrough in the treatment of arthritis, osteoarthritis, or musculoskeletal disorders to reduce pain and inflammation and facilitate motion and function (1) . Nevertheless, due to the physiology of joints, drugs are cleared from synovial fluids by lymph drainage, which is largely dependent on the size and solubility of the molecules (2) . Therefore, side effects of intra-articular corticosteroid injections have been attributed to their systemic availability (3) (4) . This clinical outcome weakens the rational on the distinction established by the World Antidoping Agency among routes of administration (5) . Indeed, all glucocorticosteroids are prohibited in competition when administered orally, rectally, intravenously, or intramuscularly. Their use requires a Therapeutic Use Exemption (TUE) approval, namely a permission to use for therapeutic purposes a drug or drugs, which are otherwise prohibited in sporting competition. No-systemic routes of administration, such as intra-articular, require an Abbreviated TUE (5) .
Hence, from both a clinical and anti-doping perspective, there is a need for a delivery system that localizes corticosteroids in the joint cavity avoiding systemic concentration. Poly(D,L lactide-co-glycolide) (PLGA) microspheres are being proposed as delivery systems for intra-articular drug administration since no effects of microsphere dose on inflammation responses were observed (2, 6) . Nevertheless, it has been recognized that microsphere size (2) and sterility are the most critical issues.
For the terminal sterilization of PLGA formulations, γ-irradiation, which is considered the method of choice on the bases of the European Guideline 3AQ4a, cannot be applied due to the detrimental effects on the polymer. Indeed, γ-irradiation causes substantial degradation of the polyester chains because of the relative stable radicals, which propagate the chain scission over a prolonged period of time (7, 8) . Therefore, the production process is currently carried out under aseptic condition or in aseptic units (9) . To control the bioburden in the raw materials, PLGA is often irradiated and held in quarantine until radical decay takes place. Few authors suggested that the radical yields could be limited irradiating the samples at low temperature (10, 11) .
In the recent years, e-beam radiation was exploited to sterilize PLGA drug delivery systems since alterations of polymer physical properties are limited, occurring in a predictable and fairly accurate manner (12, 13) . Similar types of paramagnetic radiation species are formed after exposure to both γ-and β-irradiations, but approximately twice as many radical species are generated in γ-irradiated PLGA microspheres compared to β-irradiated PLGA microspheres, regardless of the lactide/glycolide ratio and using approxi-mately similar doses (14) . After β-irradiation, long-term stability problems are unlikely to occur since the radicals persist for a shorter period of time (13, 15) . Nevertheless, variations in biopharmaceutical properties of drug-loaded microspheres after irradiation could be ascribed to the radiolysis and the presence of tertiary amine drug substances, namely, bupivacaine (13) and gentamicin (15) , which may catalyze the hydrolytic cleavage of the ester bonds in polymer chains and accelerate polymer degradation (16) . Therefore, the investigation of the effects of β-irradiations on PLGA microspheres loaded by a not-ionizable drug appears to be worth of investigation.
In this work, we aimed to design methyprednisolone (MP)-loaded PLGA microspheres intended for intra-articular administration. The placebo and MP-loaded microspheres were irradiated by e-beam at the dose of 25 kGy and characterized with respect to changes in the chemical and physicochemical properties and the drug release. Methylprednisolone (MP) was obtained by Farmalabor (Milan, Italy). Methocel® K100 LV (hydroxypropylmethylcellulose, HPMC) was kindly gifted by Colorcon (Gallarate, Italy). All solvents, unless specified, were of analytical grade.
MATERIALS AND METHODS

Materials
Preparation of MP-Loaded and Placebo Microspheres
MP-loaded microspheres were prepared by a solid-in-oilin-water (S/O/W) emulsion/solvent evaporation method using HPMC as emulsifier (17, 18) . Briefly, MP (30% w/w theoretical drug loading) was dispersed in a 20% w/w PLGA solution in dichloromethane. After mixing by vortex and sonicating, the S/O suspension was slowly injected into 25 mL of 2.5% HPMC solution under stirring at 600 rpm at 5±3°C. The resulting S/O/W system was then poured into 200 mL water and stirred at 500 rpm and 40°C for 3 h for microsphere hardening. The resulting microspheres were filtered by a 1.2-μm nitrocellulose filter (Millipore, Milan, Italy), washed with ultrapure water and freeze-dried (freeze-drying system Alpha 1, Martin Christ, Osterode, Germany). After preparation, the microspheres were stored at 5±3°C until use.
β-Irradiation of Placebo and MP-Loaded Microspheres
Placebo and MP-loaded microspheres were irradiated by using an electron beam accelerator (Bioster, Seriate, Italy).
Irradiation was performed in the presence of air, calorimetry dose of 25.1 kGy, energy of 10 MeV, and irradiation temperature of 25°C.
Particle Size and Morphology
The mean particle size distribution of the microspheres was determined using a Malvern 2600 laser sizer (Worcestershire, UK). The lyophilized particles were suspended into ultrapure water, and a 0.01% polysorbate 80 solution was used as surfactant to prevent microspheres aggregation.
Particle size was expressed as undersize cumulative percentages, and the population dispersity was referred as span and calculated as reported in the Eq. 1:
where d 90 , d 10 , and d 50 are the mean diameters at the 90%, 10%, and 50% of the population distribution, respectively. The microspheres morphology was investigated by scanning electron microscopy (SEM) (JEOL JSM 6380, Pieve Emanuele, Italy). Samples were prepared by placing an amount of dried microspheres powder onto an aluminum specimen stub. The samples were sputter coated with gold before taking the image.
ATR-FTIR Spectroscopy
About 15.0 mg sample was place on a diamond crystal mounted in attenuated total reflectance (ATR) cell (Perkin Elmer, Monza, Italy). Fourier transform infrared spectroscopy (FTIR) measurements were performed with Spectrum™ One spectrophotometer (Perkin Elmer). The spectra were recorded at 2 cm −1 resolution, and 32 scans were collected over the wavenumber region 4,000−650 cm
Thermal Analysis DSC data were recorded by using a DSC 2010 TA (TA Instruments, New Castle, USA). The samples of 5 mg exactly weighted (±0.01 mg) were sealed in aluminum pans and heated in inert atmosphere (70 mL/min of N 2 ). The reference was an empty pan. The equipment was calibrated with an indium sample. Placebo and drug-loaded microspheres were scanned at 10 K/min from 30°C to 60°C in order to erase polymer thermal history, then cooled down from 60°C to 0°C at 20 K/min and re-heated up to 130°C at 10 K/min. All the determinations were performed in duplicate.
MP Content
The amount of MP encapsulated was evaluated by the high-performance liquid chromatography (HPLC) method described below. MP was extracted from the microspheres by incubation in 1 mL of tetrahydrofurane (THF) solution overnight at room temperature. After complete dissolution of PLGA matrices, the clear solution was diluted in the mobile phase (water/acetonitrile 50:50%, v/v). All measurements were carried out in triplicate. The drug content (%, w/w) and encapsulation efficiency were calculated.
In Vitro Drug Release
In vitro drug release tests were carried out in bottles closed by screwed stoppers and stirred in a shaker incubator (50 strokes/min) at 37±2°C. Samples were exactly weighed (±0.01 mg) in order to get 2.0 mg MP. The microspheres were suspended in 20 mL of dissolution medium consisting in pH 7.4 phosphate buffer saline containing 0.02% w/v of sodium dodecyl sulfate (SDS). SDS allowed to assure the sink conditions throughout the experiment and avoid particle aggregation. At determined time points, 4 mL dissolution medium were withdrawn and replaced with fresh buffer. The amount of MP released was tested by the HPLC method described below.
HPLC Analysis
The following HPLC assay was developed: an Agilent 1100 HPLC system was used to determine drug concentration (1100 autosampler, 1100 quaternary pump with degasser, 1100 thermostated column compartment, and 1100 diode array detector) (Agilent, Palo Alto, CA). A Waters Spherisorb® ODS2 was used as the stationary phase (150×4.6 mm, 3 μm, Vimodrone, Italy), and a combination of acetonitrile with water at the ratio of 50 to 50 was used as the mobile phase. The flow rate was controlled at 1.0 mL/min. The effluent was monitored at 238 nm for 10 min with the drug retention time 6.0 min. The injection volume was 10 μL. The drug concentration was determined from two standard curves in the range of 0.05-5 μg/mL (r 2 =0.99992) and 1-50 (r 2 = 0.99999) μg/mL.
In Vitro Degradation Study
Blank and loaded microspheres were incubated in pH 7.4 phosphate buffer saline containing 0.02% w/v of SDS at 37°C. At specified time points microspheres were collected by filtration, rinsed with distilled water, and dried for 24 h under vacuum. The microspheres were dissolved in THF and the molecular weight was determined by the gel permeation chromatography (GPC) method described below.
GPC Analysis
Polymer molecular weights (M w ) were determined by using a HP1100 Chemstation (Hewlett Packard, USA) equipped with a combination of two columns: μStyragel™ Toluene 104 Å 7.8×300 mm and μStyragel™ Toluene 103 Å 7.8×300 mm (Waters, Vimodrone, Italy).
Chromatographic conditions. Chromatographic conditions were as follows: mobile phase, THF; flow rate, 1.0 mL/min; detector, refractive index signal; and injection volume, 20 μl. The molecular weight (M w ) of each sample was calculated using a calibration curve made with monodisperse polystyrene standards, M w ranging from 1,000 to 90,000 Da.
RESULTS AND DISCUSSION
Formulation of MP-Loaded Microspheres
In the formulation of microspheres intended for intraarticular administration, the particle size requires particular attention because this factor can elicit various levels of inflammation (4) and, consequently, can compromise the efficacy of the therapy. Recent studies individuated two ranges of tolerability size. Submicron particles are rapidly taken up by phagocytic cells of the synovium, while microspheres ranging 3-60 µm remain dispersed in the joint cavity or adhered on the surface of the synovial membrane and are well tolerated. Meanwhile, in the smaller size range, microspheres produce a great inflammation response causing joint swelling and proteoglycan loss (6) . The experimental setup permitted to obtain particles sizing from 7 to 50 μm (Table I) . Size dispersity can be considered low for MS 2A compared to the other formulations, which had similar values (Table I) . The preparation method presented a yield of about 55%, and the MP encapsulation efficiency was about 60% (Table I) .
The drug-loaded microspheres were spherical and regular, with a smooth surface; no drug crystals appeared on their surface. However, a number of pores were present, contrary to placebo microspheres indicating a discontinuity of the PLGA coating around the MP crystals. As an example, the morphology of MS 2M is illustrated in Fig. 1a .
The molecular weights of PLGAs were not affected by the preparation process (p>0.05).
Some variation in the CH x region of the ATR-FTIR spectra of microspheres were detected with respect to the raw PLGA. In particular, a shoulder at about 2,840 cm −1 was detected only in the placebo and MP-loaded microspheres (Fig. 2) . The spectra of the second-derivative permitted to better resolve the band at 2,834 cm −1 . Independently of the type of copolymers, this band was absent in the raw PLGA . These evidences are compatible with the presence of HPMC traces in the microspheres. Furthermore, the υ(CO) of the PLGA ester groups slight shifted toward higher wavenumbers, and its intensity slightly decrease with respect to the raw PLGA (Fig. 3) . Since these variations were noticeable both in the placebo and drug-loaded microspheres, independently of the type of copolymer, it can be assumed that PLGA weakly interacts with HPMC by means of H-bonds. Even if it was not possible to quantify the amount of HPMC within the microspheres by the common analytic techniques, the hypothesis of the entrapment of HPMC during the preparation process can also justified by the increase of T g for all polymer of about 2°C which, in our opinion, cannot only be ascribed to the leaking of PLGA oligomers and/or monomers during the solvent evaporation step. T g values of MS 2M, MS 3A, and the corresponding placebo microspheres are reported in Table II. As expected, MP was incorporated in the microspheres mainly in the crystalline state, and the evaporation solvent process did not significantly modify its solid state. Indeed, the three strong absorption peaks in the region 1,580-1,750 cm −1 in the ATR-FTIR spectrum of raw MP, attributed to the Form I (19), were clearly evident in the spectra of the MP-loaded microspheres (Fig. 3) .
The profiles outlining MP release remarked long-term sustained release characteristics only for MS 3A and 2M (Fig. 4a,b) . As a matter of fact, when PLGA DL5050 2A and PLGA DL4555 2A were used, the drug release can be considered completed within a week for both formulations and the experimental data fitted the Higuchi model (K 2A = 0.787 ± 0.046, r 2 = 0.97; K 4555 2A = 0.473 ± 0.043, r 2 = 0.97), indicating that the MP release was governed only by diffusion.
MS 2M presented a triphasic release pattern (burst release-dormant period-second release pulse). In the first 3 days of incubation, the MP release was governed by the diffusion thought the PLGA matrix (K 2M =0.081±0.01, r 2 = 0.9882). The diffusion was followed by a lag phase of about a 2-week period; afterwards, the release pattern exhibited a near zero-order kinetic (r 2 >0.99) up to day 56. The analysis of M w showed a pattern in agreement with the release data. Indeed, a significant reduction of M w occurred up to 2 weeks of incubation (Fig. 5a) , with the concurrent increase from 1.3 to 1.7 in the polydispersity index (PI). Afterwards, the hydrolytic degradation followed a zero-order kinetics (r 2 = 0.9559) until day 42 where the decrease in M w seemed to slow down. A possible explanation for this stabilization is that monomers and low-molecular weight oligomers should diffuse through the matrix and dissolve in the incubation medium and, as a result, are not more available for the calculation of GPC data (10). The bar corresponds to 20 μm
The MP release profile from MS 3A did not evidence a lag-phase after the initial diffusion (K 3A =0.115±0.02, r 2 = 0.9851, Fig. 4b ) due to the polymer hydrolysis, which took place from the early stage of incubation. After 7 days, MP was released by following a near zero-order kinetics (r 2 = 0.9803), reaching the plateau in about 65 days.
The degradation process of PLGA DL5050 3A can be divided into two phases. The hydrolytic cleavage started since the very early stage of incubation and proceeded subsequently with a pseudo-zero order kinetics (r 2 =0.9584) until day 21 (Fig. 5b) . In the second phase, the M w remained quite stable, with the concurrent decrease on PI from 1.77±0.36 at day 21 to 1.49±0.16 at day 56.
On the bases of the results of physico-chemical characterization and the release patterns, MS 3A and 2M appeared suitable to provide sustained release of MP over a period of several weeks and were subjected to further investigations.
β-Irradiation of PLGA Microspheres
After irradiation, the microspheres did not show any visual modification. SEM analysis revealed that the morphological characteristics of microspheres were not modified by irradiation. The particle sizes of the irradiated batches overlapped those of not-irradiated samples (Fig. 1b) . All samples could easily be reconstituted in water, and there was no tendency for particle agglomeration or sedimentation. The exposure to e-beam did not alter the drug loading (MP content: MS 2M=19.7±1.3%; MS 3A=17.0±0.3%). This result is in agreement with the solid state of the drug within the polymer (microcrystals) and MP stability at γ-irradiation at the dose of 6 Mrad (20) . As expected, no variation in drug solid state was recorded since the ATR-FTIR spectra of irradiated and irradiated microspheres overlapped (data not shown). After irradiation, a change in M w related to the radiation chemical yields of chain scission occurred. The exposure to e-beam did not determine a significant reduction in M w for both the type of microspheres (Table II) . Indeed, the variation was in the 5-10% range, without being affected by the loaded drug. The GPC data were also in agreement with the negligible decrease of the T g values of the microspheres (Table II) .
These results are in contrast with the findings reported in literature for β-irradiated microspheres made of copolymers with similar characteristics (13, 15) . As an example, in a work by Friess et al., the molecular weights of uncapped and capped PLGA DL 5050 resulted halved after exposure to ebeam at the dose of 25 kGy (15) . A possible explanation for these differences may be due to presence of HPMC traces within the PLGA matrices, as verified by ATR-FTIR spectroscopy. As a matter of fact, empty HPMC capsules underwent some structural modifications after both γ-irradiation and electron beam (21) . Moreover, it has been demonstrated by Maggi et al. (22) that the exposure to γ-irradiation induced the dose-dependent decrease on the average molecular weight of HPMC due to the chain scission. After γ-irradiation the calculated radiolytic yields for HPMC (1.2 µm/J (22) resulted 4.5-fold higher than that reported for the capped PLGA DL5050 (0.26 µm/J, (23)), indicating that the former material is more sensitive to ionizing radiations than PLGA. Even if different exposure times are required during the sterilization process by using e-beam or γ- irradiation, it can be hypothesized that the HPMC chains were preferentially cleaved by e-beam treatment, acting as a radioprotecting ingredient for PLGA. Such hypothesis should be confirmed and fully understood by an electron paramagnetic resonance spectroscopy study that is beside the purpose of the present work. As far as the drug release is concerned, the irradiation did not significantly increased both the extent and the rate of MP released. The only significant variation was registered in the case of MS 2M, in which the release profile did not further exhibit a pronounced triphasic pattern because of the shorting of the lag phase (Fig. 4a) . This feature can be considered a consequence of a significant (p=0.04) decrease in M w starting at day 7 (Fig. 5a ). The shortening of the lag phase implied that the MP release process resulted complete within 60 days for irradiated MS 2M in respect to~80 days for the not-irradiated formulation.
When MS 3A were irradiated, the decay pattern of PLGA 3A M w maintained a sigma-shaped pattern (Fig. 5b) and the PI decreased (day 21, PI=1.77±0.05; day 56, PI= 1.24±0.04) as already evidenced for the not-irradiated microspheres. The only variation in the drug release pattern, which was not significant (p=0.11), was registered in the first week where the MP release increased from 16.9% to 20.1% (Fig. 4b) .
CONCLUSION
MP was successfully encapsulated in biodegradable PLGA microspheres suitable for intra-articular administration in terms of particle size and kinetic of drug release. From the obtained experimental results, β-irradiation can be proposed as a method for terminal sterilization of such delivery systems. Indeed, the in vitro characterization of microspheres did not reveal a marked effect of β-irradiation at the dose of 25 KGy on either the microspheres made of uncapped and capped-end PLGA or the microencapsulated MP.
The results suggest that in our experimental condition, HPMC could protect PLGA from the chain scission induced by irradiation. If the radioprotecting effect of HPMC would be confirmed, the use of this excipient in the development of PLGA microspheres should be further investigated because it could overcome the current issues of aseptic preparation.
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